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Abstract

:

A double reinforced layer on an aluminum alloy surface was produced using friction stir processing (FSP) by adding 34CrNiMo6 powder into Al (AA2024) substrate for better wear resistance and gradient transitions. The microstructures of the composites were analyzed using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The phase composition was examined by X-ray diffraction (XRD). The results show that the double reinforced layer of the Al13Fe4 intermetallic compound could be successfully fabricated via FSP. The volume fraction of Al13Fe4 in the double reinforced layer was higher than in the single reinforced layer due to adding 34CrNiMo6 powder and reinforced twice, and the Al13Fe4 particles were dispersed more homogeneously in the double reinforced layer. The interfaces between the double and single reinforced layer had a good metallurgical bond. The microhardness of the double reinforcement layer was significantly increased. Compared with the AA2024 substrate, the microhardness of the double and single reinforced layers increased five- (576 HV) and two-fold (254 HV), respectively.
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1. Introduction


Aluminum and its alloys have been widely used in aviation, aerospace, high-speed trains, high-speed ships, and other industrial fields given their versatile properties [1]. However, the hardness and wear resistance of aluminum and its alloys need further improvement in modern engineering applications. Therefore, researchers must improve the corresponding properties of Al alloys [2,3,4]. The fabrication of surface hardening layers is the primary means of improving its wear resistance. Surface hardening layers are not easily produced by thermal spraying and surfacing due to the low melting point and high thermal expansion coefficient of aluminum. Friction stir processing (FSP) is a relatively novel multifunctional metal working method used to fabricate the surface hardening layer, which was developed on principles of friction stir welding (FSW) [5].



The initial microstructure of the cast nickel–aluminum bronze (NAB) was coarse, the NAB microstructure prepared by FSP has been refined and the surface hardness improved by about 75% to base metal (166–172 HV) [6]. Nanoscale SiCN particles were used to produce copper matrix composites and the microhardness of the composites increased to 260 HV [7], but the particles more easily agglomerated. Other researchers [8,9,10] fabricated particulate-reinforced surface composites on Al alloy substrate by adding second phase particles during FSP. FSP has been applied successfully to produce Al–Al2Cu [11], Al–Al3Ni [2], Al–Al13Fe4 [12], Al–Al3Ti [13] particulate-reinforced surface composites, and Al–SiC functionally graded materials [14,15]. Ni et al. [16], adding spherical NiTip powder in 6061 aluminum, produced NiTip/Al composites and the corresponding surface hardening layer using FSP. Al–Fe intermetallic compounds (FeAl, Fe3Al) provide superior performance and are inexpensive. Khorrami et al. [17] studied the mechanical properties of an aluminum matrix composite produced via FSP using Fe particles and found that the ultimate tensile strength (UTS) of the composites was 43% higher than that of the base metal (28 HV).



The research on the preparation of the surface hardening layer via FSP can be divided into two types: refining the microstructure using the FSP process [6], and preparing a surface hardening layer of the composites by filling the grooves or holes with powder [8,9,10,11,12]. To further improve the wear resistance and overall performance of aluminum and its alloys, a new method for designing the surface hardening layer is required. A double reinforced layer on an aluminum alloy surface could be produced via FSP by adding powder into the Al substrate twice. This double reinforced layer may result in better combination performance due to the higher powder content and the gradient transition structure.



In this study, we dispersed 34CrNiMo6 powders in an AA2024 aluminum plate by successively filling the powder into the holes. The experiments were designed to examine the feasibility of producing a double reinforced layer for Al–Fe intermetallic composites using FSP. The performance of substrate may be reinforced by increasing the content of the Al–Fe intermetallic compounds. The distribution of intermetallic compounds in the substrate was observed, and the microhardness of two reinforced layers was also examined.




2. Materials and Methods


The initial materials were an annealed AA2024 aluminum plate (300 mm × 50 mm × 10 mm), with a chemical composition as shown in Table 1, and 34CrNiMo6 powder (94–125 μm) which contains (wt.%:C = 0.34, Mn = 0.5, Si = 0.4, Cr = 1.5, Mo = 0.25 and Ni = 1.5). The as-received 34CrNiMo6 powder was spherical, as shown in Figure 1. AA2024 aluminum alloy is a kind of high strength duralumin with low density, good corrosion resistance and good heat resistance. It is mainly used to manufacture various high-load parts and components [18]. The surface microstructure of AA2024 aluminum is depicted in Figure 2. Two types of tools composed of superalloy were used, as shown in Figure 3. Tool A had a shoulder diameter of 23 mm, a threaded conical pin 8 mm in root diameter, 6 mm in tip diameter, and 4 mm in length. Tool B had a shoulder diameter of 30 mm, threaded pin diameter of 12 mm, and length of 1.5 mm.



The rotation speed was set to 750 rpm and advancing speed to 23.5 mm/min. The tool axis was tilted by 3° (tool A) and 1.5° (tool B) with respect to the vertical axis of the plate surface. 34CrNiMo6 particles were packed into the single reinforced hole (1 row, 4 mm in diameter, and 4 mm in depth) in intervals of 5 mm on the plate to prepare the single reinforced layer of Al–Fe intermetallic composites via FSP. Consequently, the plate was subjected to four passes of FSP with tool A to improve the homogeneity of the particles. Then, to produce the double reinforced layer (as shown in Figure 4), 34CrNiMo6 particles were packed into the double reinforced holes (3 rows, 4 mm in diameter, and 1.5 mm in depth) in 5 mm intervals on the plate along the middle of the composite zone. Similarly, two passes of FSP were performed with tool B. The schematic diagram of the process is shown in Figure 4.



Some successful specimens were produced by FSP. The etchant used was Keller reagent (95 mL water, 2.5 mL nitric acid, 1.5 mL hydrochloric acid, and 1 mL hydrofluoric acid). Cross-sections of the as-produced FSP specimens were mounted and then mechanically polished. The distribution of the intermetallic compounds was observed by scanning electron microscopy (FEI QUANTA200, FEI, Columbus, OH, USA), and the microstructure of the etched specimens was evaluated using optical microscopy ((OM) ZEISS Axio Scope A1, TUSEM, Shanghai, China). X-ray diffraction ((XRD) AXS-D8 ADVANCE, Bruker, Karlsruhe, Germany) and energy dispersive spectroscopy (OXFORD 6650, IPG Photonics, Oxford, MS, USA) were used to identify the phases. The microhardness of the two reinforced layers (as shown in Figure 4) were measured using a micro-Vickers hardness tester (WT-401MVD, Time-Top, Beijing, China) with a load of 200 g for 15 s.




3. Results and Discussion


An optical micrograph of the two reinforced layers are shown in Figure 5. An obvious bilayer structure in the stirred zone emerged. The gray-black area of the specimen is the double reinforced layer and the gray region of the specimen is the single reinforced layer. The white particles are dispersed more homogeneously in the double reinforced layer, as shown in Figure 6. The XRD results in the substrate zone (SZ) of the specimens during FSP are shown in Figure 7. The phase in the double and single reinforced layers during FSP were identified as Al13Fe4 and some unreacted Fe, as shown in Figure 7a,b. The peaks of Al13Fe4 in Figure 7a are higher than in Figure 7b. Therefore, the volume fraction of the Al13Fe4 phase in the double reinforced layer is higher than in the single reinforced layer in FSP.



The microstructure of the two reinforced layers of the FSP specimens was observed using OM, as shown in Figure 8. Figure 8 shows that the thickness of the double reinforced layer exceeds 2 mm. Figure 8b shows that the interface between the double reinforced layer and the single reinforced layer had a good metallurgical bond. The white particles are uniformly distributed in the double reinforced layer. As indicated in Figure 8d, the color of the single reinforced layer is lighter than the double reinforced layer. The white particles are dispersed in both two reinforced layers.



The microstructures of the powder in the two reinforced layers of the FSP specimens are depicted in Figure 9. Figure 9a shows that the round white particles were wrapped in a black substance, and the specimens presented almost similar characteristics. Several particles were clustered together. The round particles were elongated during FSP, as indicated in Figure 9e. Multilayer particles are visible in Figure 9b. The round particles are bent and folded after being elongated during FSP, as shown in Figure 9c. Then, the particles presented in a bending-folding shape. As shown in Figure 9d. Round particles were also broken during FSP, as observed in Figure 9d. Photoshop software was used to measure length-width ratio (L/W) of the white particles (representing the deformation degree of the particles) and the thickness of the intermetallic compound (representing the reaction degree of intermetallic compound). The result shows that the thicknesses of the intermetallic compound in the unbroken and broken regions were 6.5 μm and 13.5 μm, respectively. An original interface exists on the surface of 34CrNiMo6 particles. However, the original interface was crushed and a new Al–Fe interface appeared when 34CrNiMo6 particles were broken during FSP. More rapid reaction eventuated in the new Al–Fe interface than original interface which leads to thicker intermetallic layer. Some of 34CrNiMo6 particles reacted with Al to completely form an Al13Fe4 intermetallic layer, as observed in Figure 9f.



The microstructures of the FSP specimens were observed using scanning electron microscopy (SEM). The thickness of intermetallic layer that wrapped the 34CrNiMo6 particles (Figure 10) is different from that depicted in Figure 9e. The measured thicknesses of the intermetallic layers are listed in Table 2. Thinner 34CrNiMo6 particles (B3) formed more intermetallic compound compared with 34CrNiMo6 particles (B2), as shown in Figure 10. The thickness increased from 7 to 26 μm when the L/W of the particles increased from 1 to 12, representing the amount of deformation of the particles. The thickness increased nonlinearly with increasing L/W. The strain rate in FSW is around a few tens per second [19,20]. The particles were subjected to severe plastic deformation during FSP, which resulted in an L/W of 12. However, the strain rate in the flow zone was low due to the constant angular velocity of the material flow [21]. So, spherical 34CrNiMo6 particles and slim particles both existed in the specimens. The deformation of the material increases the dislocation and internal energy, which facilitated the reaction of Al–Fe. Thus, deformation of the particles can intensify the Al–Fe reaction, which produces a thicker intermetallic layer.



Figure 11 shows the energy dispersive spectroscopy (EDS) of typical slim 34CrNiMo6 particles and its surrounding region in the specimen. The average element compositions are listed in Table 3. The Al/Fe atom ratio at points 1 and 2 is 3.3 and 3.6, which indicates that the phase is most likely Al13Fe4. The phase at point 3 is 34CrNiMo6 particles. The Fe proportion is 95.9%, as shown in Table 3. The blue (Al) and red (Fe) line spectra provide support for the EDS analysis. The average proportion of Fe was 2% at point 4 and point 5, and the XRD result (Figure 7b) indicates that the intermetallic phases Al13Fe4 and Fe existed in the processing zone. This is consistent with the above EDS analysis. A thin layer existed between the slim 34CrNiMo6 particles and Al13Fe4 (indicated by the arrow in Figure 10c), which did not exist around the spherical 34CrNiMo6 particles.



The intense plastic deformation around the tool and the friction between the tool and workpiece contributed to the heat accumulation in the stirred zone during FSP. The temperature in the stir zone was close to the melting point (650 °C) of AA2024 aluminum [22]. Fujii et al. [12] suggested that the peak temperature in stir zone is 457 °C. Therefore, FSP may produce severe plastic strain [23], which promotes the mixture of Al and Fe and the diffusion rate of elements, then accelerates the reaction between Al and Fe. Al reacted with Fe to form Al13Fe4 during FSP. During the reaction, another Al–Fe intermetallic compound (potentially Al5Fe2 [17]) was produced between Al13Fe4 and Fe. The heat generated by the formation of Al13Fe4 is 28.1 kJ/g·atom [24]. The temperature increases around Al13Fe4 due to the exothermic heat of the reaction, which provides the thermal condition for further reaction of Al with Fe. The Al–Fe binary phase diagram in Figure 12 [25] shows that when the Fe content is further increased. Al13Fe4 reacts with Fe to form Al5Fe2. However, Al5Fe2 may not be detected by XRD due to its low content, Al13Fe4 was detected in this study. The phase formation sequence is described by the following chemical formulae:


13Al + 4Fe → Al13Fe4



(1)






Al13Fe4 + 6Fe → 13Al5Fe2



(2)







Figure 13 shows the indentation marked by the microhardness test under a load of 200 g and a dwell time of 15 s. The optical micrographs were obtained at the same magnification to compare the size of the indentation. For the double reinforced layer, as shown in Figure 13a, the average microhardness values of the region outside the 34CrNiMo6 particles were 576 HV. For the single reinforced layer, the average microhardness values of the region outside the 34CrNiMo6 particles were 254 HV, as shown in Figure 13b. The indentation size of the double reinforced layer is obviously smaller than that of the single reinforced layer. The microhardness of the 34CrNiMo6 particles is similar in Figure 13a,b (367 HV and 360 HV). However, the regions outside 34CrNiMo6 particles are significantly different. The microhardness values of the double and single reinforced layers were increased five (576 HV) and two times (254 HV), respectively. The above analysis shows that an Al13Fe4 intermetallic reinforced layer formed after FSP. Al13Fe4 was distributed homogeneously in the substrate, which led to significant improvement in the microhardness of the reinforced layer. The volume fraction of Al13Fe4 in the double reinforced layer was higher than in the single reinforced layer. Therefore, the microhardness of the double reinforced layer is higher than that of the single reinforced layer.




4. Conclusions







	
A double reinforcement layer of Al13Fe4 intermetallic was successfully fabricated using FSP. The volume fraction of Al13Fe4 in the double reinforced layer was higher than in the single reinforced layer. Interfaces between the double and single reinforced layer had a good metallurgical bond.



	
The particles formed in FSP specimens was mainly spherical, multilayer, bending-folding, broken, slim, and entirely intermetallic. Deformation of the particles can promote Al–Fe reaction.



	
The microhardness of the double reinforced layer was significantly increased due to the distribution of Al13Fe4 and 34CrNiMo6 particles in the reinforced layer. Compared with the AA2024 substrate, the microhardness of the double and single reinforced layers increased by five- (576 HV) and two-fold (254 HV), respectively.
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Figure 1. Scanning electron microscopy (SEM) image of the as-received commercial 34CrNiMo6 particles. 
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Figure 2. Optical micrograph of the surface microstructure of AA2024 aluminum. 
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Figure 3. Tools used in this experiment: (a) tool A and (b) tool B. 
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Figure 4. Schematic diagram of two reinforced layers of Al–Fe intermetallic composites prepared via friction stir processing (FSP). 
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Figure 5. Macro image of the two reinforced layers. 






Figure 5. Macro image of the two reinforced layers.



[image: Metals 09 01002 g005]







[image: Metals 09 01002 g006 550] 





Figure 6. The SEM microstructure of the two reinforced layers and the interface. 
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Figure 7. X-ray diffraction (XRD) results of the two reinforced layers: (a) double reinforced layer and (b) single reinforced layer. 
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Figure 8. The optical microscopy (OM) microstructure of the two reinforced layers: (a) the double reinforced layer, (b) the interface between the double and single reinforced layers (the enlarged micrograph marked B), (c) white particles in the double reinforced layer (the enlarged micrograph marked A), and (d) the single reinforced layer. 
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Figure 9. The morphology of 34CrNiMo6 particles in the two reinforced layers: (a) spherical, (b) multilayer, (c) bending-folding, (d) broken, (e) slim, and (f) completely intermetallic. 
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Figure 10. The SEM microstructure of 34CrNiMo6 particles and the intermetallic layer: (a,b) the thickness of the intermetallic layer and (c) a thin layer exists between the slim 34CrNiMo6 particles and Al13Fe4 (the enlarged micrograph marked C in (b)). 
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Figure 11. The energy dispersive spectroscopy (EDS) of typical slim 34CrNiMo6 particles and its surrounding region. 
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Figure 12. Al-Fe phase diagram [25]. 
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Figure 13. Microhardness of the two reinforced layers: (a) double reinforced layer and (b) single reinforced layer. 
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Table 1. The chemical composition of the AA2024 aluminum plate (wt.%).
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	Si
	Fe
	Cu
	Mn
	Mg
	Ni
	Zn
	Ti
	Al





	0.5
	0.5
	3.8–4.9
	0.3–0.9
	1.2–1.8
	0.1
	0.25
	0.15
	balance
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Table 2. The thickness of intermetallic of different regions corresponding to Figure 9 and Figure 10.
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	Region
	L/W
	Thickness (μm)





	A1
	1
	7



	B1
	6
	17.5



	B2
	7.2
	21



	B3
	12
	26
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Table 3. The average chemical compositions of different regions corresponding to Figure 11 analyzed by EDS (at.%).
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	Element
	1
	2
	3
	4
	5





	Al
	76.1
	75.2
	0
	92.1
	90.5



	Fe
	22.8
	20.5
	95.9
	1.9
	2.7



	Cr
	-
	-
	1.4
	-
	-



	Ni
	-
	1.1
	1.5
	-
	-



	Si
	-
	0.8
	0.3
	0.7
	0.5



	Cu
	0.7
	1.9
	-
	3.8
	4.4



	Mn
	-
	-
	0.9
	-
	0.6



	Mg
	0.4
	0.5
	-
	1.5
	1.3
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